Abstract. The expression of ErbB proteins, together with heregulin, was found to be increased in colon cancer cells compared with normal mucosa, and heregulin-stimulated activation of ErbB signaling was observed to contribute to the proliferation of colon cancer cells. Butyrate produced during the fermentation of fiber by intestinal bacteria is known to exert diverse anticancer effects, including the induction of differentiation, cell cycle arrest and growth suppression in human colon cancer cells. In this study, we investigated whether butyrate affects the heregulin/ErbB-mediated proliferation of colon cancer cells. The growth of human CaCo-2 and SNU-C4 colon cancer cells, which express ErbB1-4 proteins, was stimulated by heregulin in a concentrationdependent manner. Pretreatment with sodium butyrate abolished heregulin-stimulated proliferation in both cell lines. Although butyrate did not alter ErbB protein expression and activation, it did block the prolonged activation of Akt and Erk1/2, which are known to be important ErbB downstream molecules mediating heregulin-stimulated proliferation. Our data suggest that the inhibitory effects of butyrate on the heregulin-stimulated proliferation of colorectal cancer cells are, in part, associated with the suppression of the Akt and Erk signaling pathway. Butyrate may act as a preventive and therapeutic agent in the progression of colorectal cancer through the regulation of heregulin-stimulated mitogenic signaling.
Introduction
The ErbB family of receptor tyrosine kinases (RTKs) includes epidermal growth factor receptor (EGFR) and ErbB1, 2, 3 and 4. Expression of ErbB proteins, particularly ErbB2 and ErbB3, was found to be increased in colon cancer cells compared with normal mucosa (1) . In addition, the co-expression with ErbB proteins of heregulin, a ligand for the ErbB3 and ErbB4 RTKs, was found in human colon cancer specimens obtained from patients and in established colon cancer cell lines (2, 3) . Heregulin induces the formation of heterodimers between ErbB3 and ErbB2 or between ErbB4 and ErbB2, thereby transactivating ErbB2 (4, 5) with other members of the ErbB family. This results in pro-growth and pro-survival signaling through the phosphoinositide-3-kinase (PI3K)/Akt and/or Ras/Raf/Erk pathways (6) . Thus, heregulin-stimulated activation of ErbB signaling contributes to the proliferation of colon cancer cells (7) , and also plays a role in conferring resistance to anticancer agents (8) . In this regard, an agent that can block heregulin-stimulated ErbB signaling may be effective in the prevention and treatment of colon cancer.
Short-chain fatty acids such as acetate, butyrate and propionate are produced during the fermentation of fiber by endogenous intestinal bacteria. Several studies suggest that the production of short-chain fatty acids such as butyric acid in the normal colonic mucosa may play a role in preventing colon carcinogenesis (9) . Furthermore, multiple lines of existing evidence suggest that the sodium salt of the fatty acid sodium butyrate is effective in inducing differentiation, cell cycle arrest and growth inhibition in colon cancer cells, acting as a potent anticancer agent (10) .
In molecular terms, butyrate is an inhibitor of histone deacetylase (HDAC), which plays an important role in the transcriptional regulation of gene expression (11) . Recently, treatment with HDAC inhibitors was shown to induce the acetylation of heat shock protein 90, which inhibited ATP binding and chaperone association with its client proteins, including ErbB2 (12) . HDAC inhibitors, such as trichostatin A and SAHA, downregulated ErbB2 protein expression in breast and lung cancer cells (13, 14) . Butyrate was also identified as a potent and relatively specific ErbB2 promoter-inhibiting agent (15) . Based on these reports, we hypothesized that butyrate may inhibit the heregulin-stimulated signaling of colon cancer cells by downregulating ErbB protein expression. Here, we show that butyrate inhibits heregulin/ErbB-stimulated proliferation in human colon cancer cells. Our data suggest that butyrate blocks the prolonged activation of the ErbB downstream molecules that mediate heregulin-stimulated proliferation, without affecting the expression of ErbB proteins.
Materials and methods
Cell lines and reagents. Human CaCo-2 colon cancer cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA), while human SNU-C4 colon cancer cell lines were obtained from the Korean Cell Line Bank (Seoul, Korea). Cells were cultured in RPMI-1640 medium supplemented with 100 U/ml penicillin/streptomycin and 10% heat-inactivated fetal bovine serum (FBS, Hyclone, Logan, UT) and grown in incubators in a humid atmosphere of 95% air/5% CO 2 .
Hereglin-ß1, sodium butyrate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and antibodies to human ß-actin were purchased from Sigma (St. Louis, MO, USA). Phosphospecific and non-phosphospecific antibodies to Erk and Akt were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies to ErbB1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies to ErbB2-4 were purchased from Calbiochem (San Diego, CA, USA). Antibodies against phosphotyrosine (PY20) were obtained from BD Pharmingen (San Diego, CA, USA). All other chemicals were of reagent grade and were used without further purification.
Cell growth and viability assay. Cells were seeded in 96-well plates in 0.1 ml of RPMI media supplemented with 10% FBS. On the following day, cells were treated with the appropriate reagents. When required, the culture medium was changed to RPMI supplemented with 2% charcoal-stripped serum (CSS) before the addition of the reagents. Cell growth and viability were measured using MTT. The formation of formazan crystals by active mitochondrial respiration in cells was determined using a microplate spectrophotometer (BioTek, Winooski, VT) after dissolving the crystals in DMSO.
Immunoblotting. Cells were removed from the plates by scraping, washed twice with phosphate-buffered saline (PBS), and suspended in lysis buffer [150 mM NaCl, 10 mM Tris, 0.2% Triton X-100, 0.3% NP-40, 0.2 mM Na 3 VO 4 and protease inhibitor mixture (Roche Diagnostics), pH 7.4] on ice for 15-30 min. Aliquots of cell lysates containing equal amounts of protein were denatured in SDS-reducing buffer by boiling for 5 min, resolved on SDS-polyacrylamide gels, and transferred to nitrocellulose membranes. The resulting blots were blocked with 5% nonfat dry milk and incubated with specific primary antibodies, then further incubated with appropriate peroxidase-conjugated secondary antibodies and developed with ECL Plus reagent (Amersham, Arlington Heights, IL) according to the manufacturer's protocol.
Immunoprecipitation. Cell lysates were prepared as described above and pre-cleared with Protein A-conjugated agarose beads (Gibco/BRL). ErbB2 proteins were immunoprecipitated with 1 μg of anti-ErbB2 antibody and 10 μl of Protein A-agarose for 16 h at 4˚C. Beads were washed twice with lysis buffer and subjected to 4-12% Tris-glycine polyacrylamide gel electrophoresis. The separated proteins were transferred to nitrocellulose membranes and blocked in 5% skim milk in PBST (PBS supplemented with 0.2% Tween-20). The membranes were then probed with anti-phosphotyrosine and anti-ErbB2.
Results

Mitogenic effect of heregulin in ErbB-expressing colon cancer cells.
When we measured the expression of ErbB1-4 proteins in CaCo-2 and SNU-C4 cells, we found that all ErbB1-4 proteins were expressed in both cell lines, although ErbB4 was minimally detectable in CaCo-2 cells (Fig. 1A) . Consistent with our data, high expression of ErbB1 and/or ErbB2 in both cell lines was reported in previous studies (16) (17) (18) . As expected based on the ErbB protein expression data, the proliferation of both cells was stimulated by heregulin in a concentration-dependent manner. The proliferation of CaCo-2 and SNU-C4 cells was increased in up to 138 and 146% of the control cells after a 48-h incubation with increasing concentrations of heregulin (Fig. 1B) . Although ErbB1 was highly expressed in both cell lines, the addition of EGF, an ErbB1 ligand, was only minimally effective in inducing proliferation (data not shown), suggesting that heregulin is a more potent mitogen than EGF in these cell lines.
Effect of butyrate on heregulin/ErbB-mediated proliferation.
To examine the effect of butyrate on heregulin-stimulated proliferation, cells were pretreated with sodium butyrate for 30 min before stimulation with heregulin. Butyrate inhibited the heregulin-stimulated proliferation of SNU-C4 cells, while neither acetate nor propionate was efficient in blocking heregulin-stimulated proliferation ( Fig. 2A) . Furthermore, inhibition by butyrate was dose-dependent: pretreatment with 3-4 mM butyrate almost completely abolished heregulinstimulated proliferation in both SNU-C4 and CaCo-2 cells (Fig. 2B ). These data suggest that the butyrate type of shortchain fatty acids specifically inhibits the heregulin-stimulated proliferation of colon cancer cells.
Effect of butyrate on ErbB expression/activation.
We next examined the changes in ErbB protein expression following butyrate treatment in order to elucidate the underlying mechanism by which butyrate inhibits heregulin-stimulated proliferation. Immunoblot analysis revealed that there was no change in the expression of any of the ErbB proteins after treatment with a concentration of butyrate of up to of 4 mM ( Fig. 3A; data not shown for CaCo-2 cells).
Heregulin binds with high affinity to ErbB3 and ErbB4, thus inducing the formation of heterodimers. Since ErbB2 is the preferred partner of all ErbB family members (19) , inhibiting the function of ErbB2 might lead to the blockade of the cellular transformation and proliferation processes induced by heregulin (20, 21) . To investigate the possibility that butyrate blocked ErbB2 activation without affecting its expression, we performed immunoprecipitation analysis with the cell lysates obtained after heregulin stimulation with or without butyrate pretreatment. A 5-min incubation with heregulin markedly increased the level of phosphorylated ErbB2. However, butyrate pretreatment did not affect the phosphorylation of ErbB2, regardless of the pretreatment period (Fig. 3B) . These data suggest that the inhibitory effect of butyrate on heregulininduced proliferation cannot be mainly attributed to the direct inhibition of ErbB proteins. maintained or increased for up to 1 h. Pretreatment with butyrate did not affect the rapid phosphorylation of Erk1/2 and Akt in SNU-C4 cells (Fig. 4A) . In Caco-2 cells, the phosphorylation of Erk proteins rapidly increased and then decreased, while that of Akt was not significantly changed by butyrate pretreatment. Therefore, butyrate pretreatment did not inhibit the activation of Akt and Erk in either cell line.
Effect of butyrate on
A more intense mitogenic effect of heregulin as compared with EGF is associated with the prolonged activation of PI3K/Akt and Erk by heregulin (6) . When we examined the phosphorylation of these proteins up to 48 h after heregulin treatment, the increased phosphorylation of Akt was maintained up to 48 h after heregulin addition, while the phosphorylation of the Erk1/2 proteins was increased after 1 h of incubation, decreased at 24 h, and again increased at 48 h in both cell lines, suggesting secondary activation (Fig. 4B) . Conversely, the phosphorylation of these proteins rapidly decreased 1 h after the addition of EGF, and no secondary activation was observed (data not shown), in accordance with the relative ineffectiveness of EGF in inducing mitogenic response. To investigate the possibility that butyrate affected the later activation of Akt and/or Erk proteins, we further assayed the phosphorylation of these proteins up to 48 h after heregulin treatment in the presence or absence of butyrate. In both SNU-C4 and CaCo-2 cells, butyrate pretreatment at doses of 3 mM significantly decreased the phosphorylation of Akt proteins at 24 and 48 h after the addition of heregulin. The secondary increase in Erk phosphorylation did not occur in either of the cell lines pretreated with butyrate (Fig. 4B) . Moreover, the inhibition of heregulin-induced Akt and Erk1/2 activation at 36 h was dependent on the concentration of butyrate (Fig. 5 ). This suggests that the butyrate blockade may be associated, at least in part, with the inhibition of later (prolonged) Erk and PI3K/Akt signaling pathways.
Discussion
In addition to its involvement in a variety of colonic mucosal functions, butyrate is known to inhibit the initiation and progression of colon cancer by acting as a regulator of multiple signals involved in the progression of cancer. In multiple colorectal cancer cell lines, butyrate has shown inhibitory effects on decay-accelerating factor (DAF) induction (24) , pro-metastatic metalloproteinase activation (25) and proangiogenetic hypoxia-inducible factor (HIF)-1· activation (26) . Butyrate also has antiproliferative effects by inducing cell cycle arrest and/or apoptosis through interaction with the caspase signaling cascade. Here, we describe another important regulatory function of butyrate, which is to block the heregulin/ ErbB-stimulated mitogenic response in colon cancer cells. The exogenous addition of heregulin ß induced the proliferation of ErbB-expressing cancer cells, whereas it failed to do so in the presence of butyrate. The butyrate concentrations used in our study (1-3 mM) are somewhat lower than those found in human feces (11-25 mM) (8) , suggesting that the butyrate produced by the bacterial fermentation of dietary fibers in the colon lumen may be capable of blocking the heregulin/ErbBstimulated mitogenic response of cancer cells.
Based on the published data, which indicate that HDAC inhibitors, including butyrate, modulate the expression of ErbB2 proteins through HDAC inhibitory action in breast and lung cancer cells (14), we initially tested the possibility that butyrate could downregulate ErbB expression. However, butyrate at the 1-3 mM doses used in this study did not change the expression and activation of ErbB proteins in colorectal cancer cells. Since these doses of butyrate can increase the acetylation of H3 proteins (unpublished data), suggesting that they are enough to exert an HDAC inhibitory effect, it seems unlikely that butyrate inhibited heregulin-stimulated mitogenic signaling through the modulation of ErbB protein expression. It remains to be determined if the HDAC inhibitory action of butyrate contributed to its inhibitory effect on heregulinstimulated mitogenic signaling.
Previous studies have shown that the PI3K/Akt and MAPK/Erk1/2 pathways are major downstream signaling pathways mediating heregulin/ErbB mitogenic signaling (27) (28) (29) . The intensity and duration of these signaling pathways are important factors determining the intensity of the mitogenic response of cells (6) . Therefore, we also tested whether butyrate could suppress these downstream pathways without inhibiting the ErbB proteins. In our system, butyrate did not alter the early phosphorylation of the Akt and Erk proteins (for up to 1 h), but significantly blocked the prolonged phosphorylation of these proteins (at 24 and 48 h) without affecting their expression. Inhibition of late Akt and Erk1/2 activation by butyrate was dose-dependent. Our data suggest that the butyrate effect on heregulin-induced proliferation may be associated, at least in part, with the inhibition of late PI3k/Akt and Erk activation. It is plausible that blocking both pathways led to the inhibition of the proteins involved in heregulin/ErbB-mediated proliferation, such as cyclin D1 or c-myc (6) . The present study did not determine the mechanism responsible for the butyrate regulation of Akt and Erk1/2 activity. Butyrate might directly or indirectly inhibit Akt and Erk1/2 activation.
In addition to colorectal cancer, heregulin is known to be expressed in approximately 30% of breast cancer malignancies (30) . In many studies, heregulin plays a critical role in inducing the tumorigenicity and metastasis of breast cancer cells. Therefore, it would be of concern to examine the effect of butyrate on breast cancer. Although the clinical utility of sodium butyrate is limited by its short half-life in vivo (31) , the use of tributyrin, a prodrug that can be cleaved intracellularly by lipases into three molecules of butyrate, exhibits more favorable pharmacokinetics than butyrate, and might allow for the circumvention of the problem of the fast metabolism of butyrate monomers (32, 33) . 
